Focal electrical stimulation of the brain incites a cascade of neural activity that 25 propagates from the stimulated region to both nearby and remote areas, offering the potential to 26 control the activity of brain networks. Understanding how exogenous electrical signals perturb 27 such networks in humans is key to its clinical translation. To investigate this, we applied 28 electrical stimulation to subregions of the medial temporal lobe in 26 neurosurgical patients 29 fitted with indwelling electrodes. Networks of low-frequency (5-13 Hz) spectral coherence 30 predicted stimulation-evoked changes in theta (5-8 Hz) power, but only when stimulation was 31 applied in or adjacent to white matter. Furthermore, these power changes aligned with control-32 theoretic predictions of how exogenous stimulation flows through complex networks, such as a 33 dispersal of induced activity when functional hubs are targeted. Our results demonstrate that 34 2 functional connectivity is predictive of causal changes in the brain, but that access to structural 35 connections is necessary to observe such effects. 36 37
Introduction
Intracranial brain stimulation is increasingly used to study disorders of human behavior 40 and cognition, but very little is known about how these stimulation events affect neural activity. 41 Though several recent studies have demonstrated the ability to modulate human memory with 42 direct electrical stimulation (DES) of the cortex 1-7 , none have described the mechanism by 43 which stimulation yields altered cognitive states. However, understanding how the brain 44 responds to these exogenous currents is necessary to ultimately develop therapeutic interventions 45 that rely on DES 8,9 . 46 Because it is often not possible to directly stimulate a given brain region of interest in 47 clinical populations of neurosurgical volunteers, recent investigations have asked whether the 48 brain's intrinsic functional or anatomical architecture can predict how mesoscale stimulation 49 events propagate through the brain. In monkeys, Logothetis, et al. (2010) demonstrated that the 50 effects of electrical stimulation propagated through known anatomical connections in the visual 51 system. In humans, corticocortical evoked potentials (CCEPs), measured with intracranial EEG, 52 have also been shown to propagate through anatomical and functional connections 53 10,11 , as has the fMRI BOLD response to stimulation 12 . These studies provide powerful evidence 54 that the effects of stimulation are determined by the connectivity profile of a targeted region. 55 More broadly, renewed interest in the idea of the brain as a controllable network 13-15 raises a 56 testable hypothesis in need of empirical validation: to what extent does a brain's network 57 architecture predict the cascade of physiologic change that accompanies a stimulation event? 58 3
In this study, we asked whether the functional connectivity of a stimulated region predicts 59 where we observe changes in neural activity. To expand on prior work that has examined 60 network architecture and stimulation, we adopted a paradigm that (1) measures stimulation's 61 effect on low-frequency (theta) power, a cognitively-relevant electrophysiological biomarker, 62 and (2) simultaneously considers the structural and functional connectivity of a targeted region. 63 In 26 neurosurgical patients with indwelling electrodes, we stimulated different regions of the 64 medial temporal lobe (MTL) and asked whether functional connectivity predicted modulations of 65 theta power in distributed cortical regions. We showed that functional connectivity was only 66 predictive of theta modulation when stimulation occurred in or near a white matter tract, but in 67 those cases, stimulation could evoke sustained increases in theta power even in distant regions. 68 Furthermore, functional networks only had such predictive power at low frequencies, in the theta 69 and alpha bands (5-13 Hz).
71

Results
72
Calculating a theta modulation index 73 To determine how direct cortical stimulation propagates through brain networks, we 74 collected intracranial EEG (iEEG) data from 26 patients undergoing clinical monitoring for 75 seizures. Subjects rested passively in their hospital bed while we applied bipolar macroelectrode 76 stimulation at varying frequencies (10-200 Hz) and amplitudes (0.25 to 1.5 mA) to MTL depth 77 electrodes (see online Methods for details). Rectangular stimulation pulses were delivered for 78 500 ms, followed by a 3-second inter-stimulation interval ( Figure 1A -C). Each subject received 79 at least 240 stimulation events ("trials") at 1-8 distinct sites in MTL gray or white matter (mean 80 2.7 sites; see Supplementary Table 2 for stimulation locations). During a separate recording 81 4 session in which no stimulation occurred, for each subject we computed resting networks of low-82 frequency (5-13 Hz) coherence, motivated by prior literature that shows robust iEEG functional 83 connectivity at low frequencies [16] [17] [18] [19] . These networks reflect correlated low-frequency activity 84 between all possible pairs of electrodes in a subject, during a period when subjects are passively 85 waiting for a task to begin (Figure 2A ). 86 For each stimulation trial, we computed theta power (5) (6) (7) (8) in 900 ms windows before 87 and after each 500 ms stimulation event, and compared the pre-vs. post-stimulation power 88 across all trials with a paired t-test ( Figure 1D ). Next, we used linear regression to correlate the 89 strength of a stimulation site's network connectivity to a recording electrode with the power t-90 statistic at that electrode (Figure 2A -D). We included absolute distance as a factor in our 91 regression, to only consider how connectivity relates to stimulation beyond the brain's tendency 92 to densely connect nearby regions 20 . The result is a model coefficient that indicates, independent 93 of distance, the degree to which functional connectivity predicts stimulation-induced change in 94 theta power at a recording site. The regression was repeated using permuted connectivity/evoked 95 power relationships to generate a null distribution of model coefficients against which the true 96 coefficient is compared. We refer to the resulting z-score as the "theta modulation index," or 97 TMI. High TMIs indicate functional network connectivity predicts observable stimulation-98 related change in theta power at distant sites.
99
TMI is correlated with proximity to white matter 100 At a group level of stimulation sites, TMI was significantly greater than zero (1-sample t-101 test, t(71) = 4.0, P = 0.0002; Figure 3A ), indicating that stimulation in the MTL tends to evoke 102 network-driven change in theta power in distant regions. However, we noted substantial 103 heterogeneity between stimulation sites, with some showing little or no ability to modulate 104 5 network-wide theta activity, as reflected by TMIs near zero. To explain this heterogeneity, we 105 hypothesized that, as earlier work demonstrated 11, 21, 22 , structural connections (i.e. white matter 106 tracts) may be key to the propagation of electrical stimulation throughout the brain. 107 To test whether structural connections play a role in stimulation propagation, we asked 108 whether TMI was correlated with the proximity of a stimulation site to white matter. If these 109 measures are correlated, it would indicate that functional connectivity is predictive of physiology 110 only insofar as white matter tracts are accessible. We binned stimulation sites according to 111 whether they were placed in gray matter (n = 32, lower 50 th percentile of distances to white 112 matter), near white matter (n = 33, upper 50 th percentile of distances to white matter), or within 113 white matter (n = 7, manually identified by a neuroradiologist; Figure 3A ; see Supplementary 114 Figure 1 for anatomical placement of each white matter target). We found that TMI was 115 significantly increasing with white matter placement, relative to a permuted distribution 116 (permuted P < 0.001; Figure 3B ). The TMI for gray matter sites was not significantly different 117 than zero (1-sample t-test, t(31) = 1.4, P = 0.18), while TMI for sites near or in white matter was 118 significant (P < 0.05). This relationship holds in a Pearson correlation agnostic to any electrode 119 categorization (r = 0.33, P = 0.005; Supplementary Figure 2 ). This finding does not mean gray 120 matter stimulation fails to induce theta activity, but it does suggest gray matter stimulation may 121 result in theta activity that is uncorrelated with functional connectivity to remote sites. 122 Taken together, these results show that direct electrical stimulation of the MTL can Having shown that stimulation in or near white matter sites induces distributed changes 129 in theta power, we next sought to characterize the directionality of change. Specifically, high 130 TMIs could be caused by increases in theta power at electrodes with strong functional 131 connectivity to the stimulation target, or decreases in theta power at electrodes with weak 132 connectivity to the stimulation target. To distinguish between these possibilities, we further 133 examined theta power changes in detail among the 16 stimulation sites that exhibited significant 134 (P < 0.05) TMI (see Supplementary Table 1 for statistics and anatomical placement of each 135 significant site). In this subset, we measured the average pre-vs. post-stimulation theta power at 136 the five electrodes with the strongest functional connectivity to the stimulation site (controlled 137 for distance), and the five electrodes with the weakest functional connectivity. At strongly-138 connected sites, theta power change was significantly positive (1-sample t-test, t(15) = 5.6, P = 139 4.0 × 10 -5 ) and significantly greater than power change at weakly-connected sites (paired t-test, 140 t(15) = 6.03, P = 1.7 × 10 -5 ; Figure 4B ). No significant power change was observed at sites with 141 weak functional connectivity (1-sample t-test, t(15) = 1.5, P = 0.15). Notably, we observed that 142 of the 16 significant sites analyzed here, 15 were placed in or near white matter. We conclude 7 power correlated with the functional "hubness" of a stimulation site. We again took our measure 151 of stimulation-induced activity to be the theta power change at the 5 recording sites with the 152 strongest functional connectivity to the stimulation site, and tested this metric against the node 153 strength of a stimulation site, an indicator of hubness (for this analysis, we considered all 154 stimulation sites in or near white matter; n = 40). When weak hubs (lower tercile of hub scores; n 155 = 13) were stimulated, power change at connected recording sites was significantly greater than 156 zero (1-sample t-test, t(12) = 3.6, P = 0.003), but stimulation at strong hubs (upper tercile; n = 157 14) evoked no significant power modulation (t(13) = 0.15, P = 0.87; Figure 4D ). While 158 counterintuitive, this result is in line with the prediction of network control theory; stimulation at 159 a site with many connections may disperse the effect of perturbation, yielding lesser activation in 160 downstream regions. 161 Our choice of low-frequency (5-13 Hz) functional connectivity as the basis for predicting 162 distributed changes in theta power was motivated by prior studies that have shown strong, 163 cognitively-relevant connectivity at low frequencies particularly the theta and alpha bands 16, 17, 19 . 164 However, others have noted significant inter-regional connectivity in the beta and gamma bands 165 24 . As our study presented a unique opportunity to examine the causal nature of functional 166 connectivity, we asked whether functional connectivity in other frequency bands is also 167 predictive of downstream power modulations. Among all MTL electrodes placed in or near white 168 matter (n = 40), we asked whether TMI was significant for networks constructed from any 169 frequency to a maximum of 50 Hz. No frequencies outside the alpha/theta bands exhibited 170 significant group-level TMIs, after correction for multiple comparisons (P < 0.05, Benjamini-171 Hochberg correction; Figure 4E ). This demonstrates that functional networks constructed from 172 high frequencies (> 13 Hz) are not predictive of stimulation-induced theta activity. In this study we solely analyze stimulation through the lens of changes in brain 218 physiology. However, with an eye towards the eventual therapeutic use of stimulation, the results 219 here bridge prior studies of stimulation and behavior with underlying neural mechanisms. A 220 recent study reported decreases in episodic memory performance during stimulation at certain 221 times, associated with increases in cortical theta power 3 . Additionally, memory performance 222 was noted to increase with theta-burst stimulation of the perforant path, a major white matter 223 tract of the MTL 4 . Deep brain stimulation targeted to white matter tracts has also been shown to 224 improve outcomes in treatment-resistant depression 9 . Collectively, these findings are supported 225 by the results herewhite matter stimulation appears to evoke remote increases in neural 226 activity. Few studies have deeply examined stimulation-induced changes in physiology with 227 behavioral enhancement, though our approach outlined here enables us to do exactly that in 228 future work. 229 Here we demonstrated that functional connections in the human brain inform how 230 stimulation evokes remote changes in neural activity. This is powerful new evidence that, even in 231 the absence of knowledge about an individual's structural connectome, functional connectivity 232 reflects causality in the braina finding with significant implications for how neuroscientists 233 interpret inter-regional correlations of neural activity. Furthermore, by showing that stimulation-234 evoked changes interact with the functional hubness of a targeted site, we provided critical, 235 empirical evidence that network control theory can model real-world brain dynamics. 469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489 
